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Summary
Objective: Articular chondrocytes respond to osmotic stress with transient changes in cell volume and the intracellular concentration of
calcium ion ([Ca2þ]i). The goal of this study was to examine the hypothesis that interleukin-1 (IL-1), a pro-inﬂammatory cytokine associated
with osteoarthritis, inﬂuences osmotically induced Ca2þ signaling.
Methods: Fluorescence ratio imaging was used to measure [Ca2þ]i and cell volume in response to hypo- or hyper-osmotic stress in isolated
porcine chondrocytes, with or without pre-exposure to 10-ng/ml IL-1a. Inhibitors of IL-1 (IL-1 receptor antagonist, IL-1Ra), Ca2þ mobilization
(thapsigargin, an inhibitor of Ca-ATPases), and cytoskeletal remodeling (toxin B, an inhibitor of the Rho family of small GTPases) were used to
determine the mechanisms involved in increased [Ca2þ]i, F-actin remodeling, volume adaptation and active volume recovery.
Results: In response to osmotic stress, chondrocytes exhibited transient increases in [Ca2þ]i, generally followed by decaying oscillations. Pre-
exposure to IL-1 signiﬁcantly inhibited regulatory volume decrease (RVD) following hypo-osmotic swelling and reduced the change in cell vol-
ume and the time to peak [Ca2þ]i in response to hyper-osmotic stress, but did not affect the peak magnitudes of [Ca
2þ]i in those cells that did
respond. Co-treatment with IL-1Ra, thapsigargin, or toxin B restored these responses to control levels. The effects were associated with
alterations in F-actin organization.
Conclusions: IL-1 alters the normal volumetric and Ca2þ signaling response of chondrocytes to osmotic stress through mechanisms involving
F-actin remodeling via small Rho GTPases. These ﬁndings provide further insights into the mechanisms by which IL-1 may interfere with nor-
mal physiologic processes in the chondrocyte, such as the adaptation or regulatory responses to mechanical or osmotic loading.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Under normal physiologic conditions, articular cartilage is
subjected to both static and dynamic compressive loads,
which are believed to play an important role in the health
and homeostasis of the synovial joint1. The precise mech-
anisms by which the chondrocytes respond to their
mechanical environment, either physiologically or patho-
logically, remain to be elucidated. There is signiﬁcant evi-
dence that changes in the physicochemical properties of
the pericellular environment, secondary to mechanical
loading, may be an important factor in biophysical trans-
duction of signals2e6. Joint loading results in deformation
of the cartilage layer and associated loss of interstitial wa-
ter, followed by recovery of this ﬂuid as the load is relea-
sed7e9. As the proteoglycans in cartilage possess large
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1466groups, the loss and gain of water changes the effective
‘‘ﬁxed’’ charge density of the tissue, and thus alters the ef-
fective concentration of positively charged counterions
(e.g., Naþ, Kþ, Ca2þ) in a manner that is directly related
to magnitude of tissue dilatation10,11. Previous radio-
graphic studies have reported strains of up to 20% in car-
tilage in an intact joint12, while other magnetic resonance
imaging studies in vivo showed mean loss of cartilage vol-
ume of 5.9% a following dynamic loading9. These physico-
chemical changes expose the chondrocytes to diurnal
hyper- and hypo-osmotic stresses that vary with time
and location in the tissue5,13,14. Importantly, one of the
early characteristics of osteoarthritis is a loss of proteogly-
can content secondary to disruption of the collagen ﬁbers
and/or degradation of aggrecan and smaller proteogly-
cans. These factors lead to a concomitant increase in tis-
sue hydration, resulting in a decrease of the ﬁxed charge
density and interstitial osmolarity15. The magnitude of the
osmotic change within cartilage subjected to dynamic
loading has not been measured directly, but has been es-
timated to be on the order of 100 mOsm, using multiphasic
models of cartilage that account for the ﬁxed and mobile
charges within the tissue4,10,11,14,16.
Due to the high permeability of the cell membrane to
water17e19, either mechanical loading or changes in the
1467Osteoarthritis and Cartilage Vol. 16, No. 12extracellular osmolarity results in rapid changes in cell
volume20e28. In many cell types, alterations in cell volume
are responsible for triggering recovery mechanisms that
involve the activation of pumps and channels on the cell
membrane and the initiation of intracellular signaling
cascades in an effort to restore steady state cell volu-
me26,29e34. In particular, the concentration of intracellular
calcium ion ([Ca2þ]i) is believed to play an important role
in regulatory volume control35 and has been shown to
increase in certain cells in response to osmotic stress36.
The F-actin cytoskeleton, which can serve as a store of
Ca2þ, is also modulated by osmotic stress in a number of
cell types. Dynamic reorganization of the F-actin network
after exposure to hypo-osmotic stress has been described
in chondrocytes27,37,38 as well as other cell types39e41, and
appears to be necessary for chondrocytes volume regula-
tion21,22. Isolated articular chondrocytes exposed to
hypo-osmotic stress undergo a rapid depolymerization of
the cortical F-actin network, mediated by the inositol tri-
sphosphate (IP3) pathway, followed by a gradual recov-
ery27. This breakdown and reconstitution of F-actin are
thought to play an important role in cell volume recovery
by facilitating solute transport and enabling intracellular
transport of proteins involved in volume regulation to the
cell membrane31. Indeed, there is increasing evidence
that F-actin serves as an important Ca2þ store within the
cytoplasm42. In contrast to hypo-osmotic stress, exposure
to hyper-osmotic conditions can result in F-actin stabiliza-
tion, which can modulate both Ca2þ signaling and cell
volume decrease in response to osmotic stress40,43e45.
Interleukin-1 (IL-1) is a pro-inﬂammatory cytokine that is
upregulated in the joints of patients with osteoarthritis and
is implicated in the destruction of cartilage extracellular
matrix in various joint diseases. IL-1 increases the produc-
tion of proteases responsible for matrix degeneration, sup-
presses matrix biosynthesis, and induces pro-inﬂammatory
mediators, such as nitric oxide and prostaglandins46e48.
While the effect of IL-1 on matrix synthesis and turnover
is well established in articular cartilage, the early signaling
events in chondrocytes remain unclear. Recent studies
suggest that one of the earliest events in the response to
IL-1 in chondrocytes is a transient increase in [Ca2þ]i
by a mechanism which may involve Ca2þ inﬂux from the
extracellular space, release from intracellular stores,
or mobilization via activation of G-protein coupled recep-
tors49. Exposure to IL-1 also stabilizes F-actin in chon-
drocytic cells by a pathway involving activation of
members of the Rho family of small GTPases49. Of partic-
ular interest are ﬁndings showing that the response of
chondrocytic cells to mechanical loading is altered by
IL-150,51. An improved understanding of the mechanisms
of interaction between physical factors (i.e., mechanical or
osmotic stress) and biochemical factors (e.g., IL-1) may
provide new insight into the pathology of diseases such
as osteoarthritis.
The objective of this study was to determine the effect of
IL-1 on the response of isolated articular chondrocytes to
physicochemical changes that are associated with mechan-
ical loading and unloading of the cartilage, i.e., hypo- and
hyper-osmotic stresses. The effects of osmotic stress
were measured on the initiation of [Ca2þ]i transients in sin-
gle chondrocytes, as well as the adaptation and recovery of
cell volume. Furthermore, the effect of IL-1 exposure on the
reorganization of F-actin after hypo-osmotic stress was de-
termined. Finally, the role of IL-1-induced [Ca2þ]i transients
and Rho GTPase activation in the response to osmotic
stress was examined.Materials and methodsCELL CULTUREUnless otherwise noted, reagents and chemicals were obtained from Gib-
coBRL (Grand Island, NY, USA). Articular cartilage was harvested from the
femoral condyles of skeletally mature pigs (N¼ 8) obtained from a local
abattoir. The tissue was minced and stored at room temperature in wash
medium containing Dulbecco’s modiﬁed eagle medium (DMEM)-high glu-
cose supplemented with 100-mg/ml kanamycin (Sigma Chemical, St. Louis,
MO, USA), 150-mg/ml gentamicin, and 1-mg/ml fungizone. Cells were isolated
from the tissue by a sequential pronase/collagenase digestion similar to
a previously published protocol52. The tissue was digested for 60 min in
1320-PUK/ml pronase (Calbiochem, San Diego, CA, USA), followed by 2-h
digestion in 0.4% type 2 collagenase. Isolated cell suspensions were ﬁltered
through a 70-mm nylon mesh ﬁlter (FALCON Cell Strainer; Becton Dickinson,
Franklin Lakes, NJ, USA) to remove debris. The cell pellet was then washed
by sequential rinsing and centrifugation at 400 g for 10 min. Cell viability
was determined using a trypan blue exclusion assay, and viability was found
to be greater than 95% in all cases. The cells were plated at a density of 1.5
million cells/ml on 31-mm glass coverslips (#1.5, VWR Scientiﬁc, West Ches-
ter, PA, USA) in six-well culture plates. The cells were allowed to adhere for
45 min, and then each well was ﬁlled with 2-ml feed medium (DMEM/F12,
10% fetal bovine serum, no antibiotics). The cells were cultured overnight
at 37C, and all tests were performed between 12 and 24 h after the cells
were plated on glass to ensure that the cells maintained a rounded morphol-
ogy, similar to that in situ. Cells from a minimum of three joints were used for
each experimental condition, and the total number of chondrocytes per ex-
periment is shown in the ﬁgure captions.IL-1 EXPOSUREIsolated chondrocytes were exposed to 10-ng/ml recombinant porcine IL-
1a (R&D Systems, Minneapolis, MN, USA) for 1 h prior to osmotic stimula-
tion. IL-1 was reconstituted in phosphate buffered saline (PBS) and diluted
in culture medium to the desired concentration.OSMOTIC STRESSCoverslips with adherent chondrocytes were mounted in a custom-built
heated perfusion chamber containing iso-osmotic medium (DMEM-high
glucose (DMEM-HG): 10 mM, 4-(2-hydroxyethyl)-1-piperazine ethane
sulfonic acid (HEPES): 340 mOsm). All experiments were performed at
37C. In control experiments, cells were perfused with iso-osmotic medium
to ensure that the cells were not actively responding to the perfusion.
Isolated cells were perfused with either hypo-osmotic medium (medium
adjusted by the addition of distilled water to 240 mOsm), or hyper-osmotic
medium (medium adjusted by the addition of sterile sucrose to 440 mOsm)
in the presence and the absence of IL-1. The osmolality of the solutions
was measured using a freezing point osmometer (Osmette 2007, Precision
System Inc., Natick, MA, USA). Perfusion was performed by drawing the
iso-osmotic media out of the chamber through a syringe, and perfusing
with hypo- or hyper-osmotic media through a second syringe mounted on
the opposite side of the chamber. The exchange of medium was performed
in approximately 5 s.CALCIUM IMAGINGTransient changes in [Ca2þ]i induced by osmotic stress were measured
using ﬂuorescence ratio imaging of single cells using laser scanning mi-
croscopy (LSM 510, Zeiss). Control and IL-1-treated cells were loaded
with Fura-Red AM (20 mM) and Fluo-3 AM (15 mM) (Molecular Probes),
and [Ca2þ]i was measured in single cells using ﬂuorescence ratio imaging
as previously described39,49,53. Images were recorded at a scan rate of
0.33 Hz for 11 min to track relative [Ca2þ]i and an increase of 10% above
baseline of the intensity ratio was considered to represent a positive [Ca2þ]i
response. The percentage of cells responding to osmotic stress and the
percentage of cells displaying oscillations in [Ca2þ]i were reported. The
peak ﬂuorescence ratio and the time to peak following osmotic stress
were also analyzed.CELL VOLUME MEASUREMENTCell volume was measured using a custom-written image analysis
program in the PV-WAVE programming language (Visual Numerics, San
Ramon, CA, USA). Differential interference contrast (DIC) images were
collected using LSM 510 (Zeiss) at a scan rate of 0.10 Hz for 20 min. The
projected surface area of the cells was measured using an edge-detection
algorithm and cell volume was calculated assuming a spherical morphol-
ogy54. Cell volume was normalized to the iso-osmotic cell volume and
minimum, maximum, and ﬁnal (recovered) volumes were recorded.
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iThe time constant (t) describing the rate of change in cell volume was de-
termined using a non-linear regression of the volume data to the following ex-
ponential models (Kaleidagraph, Synergy Software, Reading, PA, USA):
Hypo-osmotic stress : V ¼ 1þ Vmax  1ð Þ 1 et=tswell
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where V is the volume, Vmax and Vmin are the maximum and minimum vol-
umes, t is the time and tswell and tshrink are the time constants for swelling
and shrinking. The value of t was reported for each cell.0.5
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Fig. 1. Representative trace of [Ca2þ]i response of chondrocytes to
hypo-osmotic stress. Articular chondrocytes exposed to hypo- or
hyper-osmotic stress medium responded by mobilizing [Ca2þ]i, fol-
lowed by decaying oscillations. The y-axis on this plot represents
the ﬂuorescence ratio (Fluo-3 AM excitation:Fura-Red AM excita-
tion) normalized to the ratio before exposure to osmotic stress.To examine the mechanisms involved in mediating the effect of IL-1 on
the response of chondrocytes to osmotic stress, inhibitors of IL-1-induced
Ca2þ signaling were used, based on our previous ﬁndings49. Thapsigargin
(Calbiochem) has previously been shown to inhibit the mobilization of intra-
cellular Ca2þ by IL-1 in chondrocytes49. A 30-min pre-treatment with thapsi-
gargin (3 mM) was used to determine if the effect of IL-1 on osmotically
induced volume change and recovery was dependent on IL-1 induced
Ca2þ mobilization. Toxin B (100 pg/ml, 3 h, Sigma) was used to determine
if activation of Rho GTPases mediated the effect of IL-1 on the response
of chondrocytes to osmotic stress49.F-ACTIN REORGANIZATIONIsolated chondrocytes in suspension were cultured for 1 h either in control
medium, or in medium containing 10-ng/ml IL-1. After the 1-h pre-treatment,
cells were exposed to hypo-osmotic stress for 0, 2, and 10 min and then
ﬁxed, permeabilized and labeled for F-actin with ﬂuorescent phalloidin. The
ﬂuorescent label was solubilized with methanol and cellular F-actin was as-
sayed using a plate reader. Specimens were normalized to the control levels
at time-zero.
F-actin distribution following exposure to hypo-osmotic stress was deter-
mined using confocal microscopy. Isolated chondrocytes plated on glass
coverslips were exposed to IL-1 and hypo-osmotic medium as described
and then ﬁxed, permeabilized, and their F-actin labeled with Alexa Fluor
488-phalloidin (Molecular Probes). Images of F-actin distribution were ob-
tained using a 63, 1.2 NA water immersion objective lens (Zeiss). The dis-
tribution of F-actin across the cell was visually compared between control
and IL-1-treated groups, and between the 0, 2, and 10 min time points.STATISTICAL ANALYSISFor all test conditions, the percentage of chondrocytes showing an in-
crease in [Ca2þ]i was reported. In addition, where appropriate, the percentage
of cells displaying oscillations in [Ca2þ]i, time to peak [Ca
2þ]i, and magnitude
of [Ca2þ]i increase was also reported. The percentage of cells responding and
oscillating in each group was compared by chi-squared analysis of propor-
tions (StatView). The peak [Ca2þ]i and the time to peak in each group were
compared by analysis of variance (ANOVA) with Fisher’s PLSD post hoc
test (StatView). To characterize the volume adaptation after osmotic stress,
the maximum or minimum and ﬁnal volumes, as well as the time constant
for cell shrinking or swelling were recorded. Each of these parameters was
compared between groups using ANOVA with Fisher’s PLSD post hoc test.Table
The percentage of cells showing increased [Ca2þ]i and displaying oscillati
drocytes responded to hypo- and hyper-osmotic stresses by initiating [Ca
creased the percentage of cells responding after both hypo- and hyper-osm
in the hypo-osmotic case only. Inhibition of the IL-1 effect with IL-1Ra resto
were not significantly different from control. Pre-treatment with toxin B inc
the IL-1 treated group, with only the percentage of cells responding to h
untreated control group, n¼ 22e26 cells,
Control (%)
Hyper-osmotic stress % Responding 93.3
% Oscillating 100
Hypo-osmotic stress % Responding 92.3
% Oscillating 87.5Results
Control experiments conﬁrmed that perfusion of the chon-
drocytes with an iso-osmotic solution (340 mOsm) did not
elicit changes in [Ca2þ]i. Perfusion with either hypo-
(240 mOsm) or hyper-osmotic (440 mOsm) medium led to
an increase in [Ca2þ]i accompanied by oscillations that de-
creased in magnitude over time (Fig. 1). In untreated chon-
drocytes, virtually all cells tested exhibited transient
increases in [Ca2þ]i after exposure to hypo-osmotic
(92.3%) or hyper-osmotic stress (93.3%) (Table I). Nearly
all of the responding cells displayed oscillations in [Ca2þ]i
(87.5% and 100% for hypo- and hyper-osmotic stresses, re-
spectively) (Table I).
Pre-treatment with IL-1 for 1 h signiﬁcantly decreased the
percentage of cells responding to osmotic stress. Only
27.3% of IL-1-treated cells displayed [Ca2þ]i transients after
exposure to hypo-osmotic stress, and none of these cells
displayed oscillations (Table I). In response to hyper-
osmotic stress, only 53.3% of IL-1-treated cells displayed
[Ca2þ]i transients, and 87.5% of these responding cells dis-
played oscillations (Table I). To conﬁrm the speciﬁcity of the
IL-1 response, IL-1 receptor antagonist (IL-1Ra, R & D
Systems) was added simultaneously with the IL-1. In these
experiments, the percentage of cells mobilizing Ca2þ andI
ons in [Ca2þ]i after acute exposure to osmotic stress. Isolated chon-
2þ]i with oscillations in virtually all cells. Pre-treatment with IL-1 de-
otic stresses, and decreased the percentage displaying oscillations
red the percentage of cells responding and oscillating to levels that
reased the percentage of cells responding and oscillating relative to
ypo-osmotic stress significantly different from control. *P< 0.01 vs
chi-squared analysis of proportions
10-ng/ml IL-1
No inhibitor (%) IL-1Ra (%) Toxin B (%)
53.3* 90.5 83.3
87.5 100 86.7
27.3* 88.9 63.3*
0* 79.2 76.7
1469Osteoarthritis and Cartilage Vol. 16, No. 12displaying oscillations was indistinguishable from that of
control experiments.
In chondrocytes exposed to toxin B for 3 h prior to IL-1
exposure and then perfused with hypo-osmotic medium,
a signiﬁcant decrease was observed in the [Ca2þ]i re-
sponse, with 63.3% of cells showing increased [Ca2þ]i
and 76.7% of these displaying oscillations (Table I). In con-
trast, toxin B had no effect on the percentage of cells re-
sponding or oscillating after hyper-osmotic stress in the
presence of IL-1 (Table I). Hypo-osmotic stress increased
the peak ﬂuorescence ratio by a factor of 2.57 0.66 in
control cells [Fig. 2(a)], while hyper-osmotic stress in-
creased this ratio by a factor of 3.19 0.60 [Fig. 2(b)]
over baseline. The time to peak [Ca2þ]i in the untreated
cells was 83 28.9 s for hypo-osmotic stress and
234 74.4 s for hyper-osmotic stress [Fig. 2(a) and (b)].
The presence of IL-1 had no effect on the peak increase
in ﬂuorescence magnitude in response to hypo- or hyper-
osmotic stress (2.12 0.82 and 3.08 0.62, Fig. 2). IL-1
had no effect on the time to peak [Ca2þ]i after hypo-osmotic
stress [74.8 36.4 s, Fig. 2(a)], but signiﬁcantly increased5
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Fig. 2. (a) Magnitude of peak [Ca2þ]i and time to peak in chondro-
cytes after exposure to hypo-osmotic stress. Control chondrocytes
responded to hypo-osmotic stress with a 2.5-fold increase in [Ca2þ]i
within 83 s of exposure. Pre-treatment of cells with IL-1 had no ef-
fect on the fold increase of [Ca2þ]i or the time to peak. Data is ex-
pressed as mean  standard deviation. *P < 0.05 vs control,
n¼ 14e20 cells, ANOVA with Fisher’s PLSD post hoc test. (b)
Magnitude of peak [Ca2þ]i and time to peak in chondrocytes after
exposure to hyper-osmotic stress. Control chondrocytes responded
to hyper-osmotic stress with a threefold increase in [Ca2þ]i within
234 s of exposure. Pre-treatment of cells with IL-1 had no effect
on the fold increase of [Ca2þ]i but signiﬁcantly increased the time
to peak to 412 s. Data is expressed as mean standard deviation.
*P< 0.05 vs control, n¼ 14e20 cells, ANOVA with Fisher’s PLSD
post hoc test.the time to peak to 412.6 86.4 s after hyper-osmotic
stress [Fig. 2(b)].
The magnitude of the [Ca2þ]i peak and the time to peak in
cells exposed to IL-1Ra and toxin B before IL-1 treatment
were not signiﬁcantly different from control for either hypo-
or hyper-osmotic stress.
Control experiments conﬁrmed that chondrocytes per-
fused with iso-osmotic solution did not demonstrate any vol-
ume change. Cells exposed to hypo-osmotic medium
rapidly swelled and exhibited a signiﬁcant recovery of their
volume [Fig. 3(a)]. In contrast, cells exposed to a hyper-os-
motic solution displayed rapid volume decrease to
0.79 0.03 of their original volume [Fig. 3(b)] with no mea-
surable volume recovery over the course of the experiment.
Control cells exposed to a hypo-osmotic solution dis-
played rapid volume increase to 1.48 0.09 times their
original volume and then recovered partially to 1.27 0.08
(Fig. 4). Exposure to 10-ng/ml IL-1 for 1 h prior to osmotic
stress had no effect on the swelling phase in isolated chon-
drocytes (1.48 0.11 times original volume, Fig. 4), though
the extent of volume regulation was signiﬁcantly inhibited
(1.41 0.06, Fig. 4). Co-treatment with IL-1Ra, thapsigargin
or toxin B had no effect on the volume increase though they0.9
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Fig. 3. (a) Characteristic volume response of chondrocytes to hypo-
osmotic stress. Cell volume change after acute osmotic stress was
measured using a custom image analysis algorithm. This trace
shows cell volume over time for an untreated chondrocyte and an
IL-1 treated chondrocyte exposed to 240 mOsm medium at time
t¼ 0. Cells respond to hypo-osmotic stress by rapidly swelling
and attempting to regulate their volume. IL-1 treatment inhibited vol-
ume regulation in chondrocytes. (b) Characteristic volume re-
sponse of chondrocytes to hyper-osmotic stress. Cell volume
change after acute osmotic stress was measured using a custom
image analysis algorithm. This trace shows cell volume over time
for a single untreated chondrocyte exposed to 440-mOsm medium
at time t¼ 0. Cells respond to hyper-osmotic stress by rapidly
shrinking with no appreciable volume regulation.
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Fig. 4. Cell swelling and RVD in chondrocytes exposed to hypo-os-
motic stress. Control chondrocytes responded to osmotic stress
with a rapid increase in cell volume to approximately 150% of initial
volume followed by RVD to approximately 125% of initial volume.
Pre-treatment of cells with IL-1 had no effect on cell swelling, but
reduced the capacity for RVD. Inhibition of the IL-1 effect by IL-
1Ra and thapsigargin successfully restored normal RVD. Cells
pre-treated with toxin B before IL-1 exposure swelled normally,
and showed signiﬁcant volume regulation although ﬁnal volume
was slightly higher than in the control cells. *P< 0.05 vs untreated
control, n¼ 31e43 cells, ANOVA with Fisher’s PLSD post hoc test.
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recovery to control (1.50 0.10 and 1.25 0.06;
1.46 0.12 and 1.22 0.11; 1.50 0.13 and 1.30 0.07
for maximum and recovered volume, respectively, for IL-
1Ra, thapsigargin and toxin B, Fig. 4).
Exposure to 10-ng/ml IL-1 for 1 h prior to hyper-osmotic
stress signiﬁcantly diminished but did not eliminate the ex-
tent of volume decrease in isolated chondrocytes
(0.87 0.05 ﬁnal volume, Fig. 5). As expected, IL-1Ra an-
tagonized the effect of IL-1. Furthermore, treatment with
thapsigargin or toxin B restored the extent of volume de-
crease back to levels indistinguishable from the control
(0.77 0.03 to 0.80 0.04, Fig. 5).
The transient volume data for both shrinking and swelling
was ﬁt using non-linear regression to an exponential model
in order to determine the rate of volume change (t). The0.75
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Fig. 5. Extent of cell shrinking in chondrocytes exposed to hyper-
osmotic stress. Control chondrocytes responded with a rapid de-
crease in cell volume to 80% of initial volume. Pre-treatment of cells
with IL-1 reduced the extent of cell shrinking to 86% of initial vol-
ume. Inhibition of the IL-1 effect by IL-1Ra, thapsigargin, or toxin
B restored volume adaptation to levels similar to control.
*P< 0.05 vs untreated control, n¼ 32e40 cells, ANOVA with Fish-
er’s PLSD post hoc test.curve ﬁts were generally excellent with correlation coefﬁ-
cients (R) of greater than 0.9 in all cases, with
R2¼ 0.89 0.06 and R2¼ 0.93 0.04 for shrinking and
swelling, respectively. Control cells exposed to hypo-os-
motic stress swelled rapidly (t¼ 23.7 6.2 s). Pre-treat-
ment of cells with IL-1 with and without IL-1Ra,
thapsigargin or toxin B had no effect on the rate of cell
swelling (data not shown). Control experiments conﬁrmed
that chondrocytes perfused with an iso-osmotic solution
(340 mOsm) did not demonstrate F-actin reorganization.
In untreated chondrocytes exposed to hypo-osmotic stress,
F-actin was transiently disrupted at 2 min, and had begun to
recover back toward baseline levels by 10 min (Fig. 6). In
IL-1-treated chondrocytes exposed to hypo-osmotic stress,
F-actin was transiently disrupted at 2 min, with little recov-
ery apparent at 10 min (Fig. 6).
Control cells exposed to hyper-osmotic stress shrank rap-
idly with t¼ 17.9 3.1 s, while cells pre-treated with IL-1
shrank signiﬁcantly more slowly, with a t¼ 32.4 4.4 s
(Fig. 7). Inhibition of the IL-1 response by IL-1Ra
(t¼ 19.8 3.7 s), thapsigargin (t¼ 16.6 5.2 s), or toxin
B (t¼ 20.2 2.4 s) all reduced t to levels similar to control
(Fig. 7).Discussion
The ﬁndings of this study indicate that chondrocytes re-
spond to physiologically relevant changes in extracellular
osmolarity with rapid alterations in cell volume, followed
by a transient increase in [Ca2þ]i that is characterized by
decaying oscillations. These responses were signiﬁcantly
altered in the presence of IL-1, a pro-inﬂammatory cytokine
that is associated with cartilage catabolism in rheumatoid
arthritis and osteoarthritis. The effects of IL-1 on intracellular
Ca2þ mobilization and cell volume recovery appear to be
due to altered structure and remodeling of the F-actin cyto-
skeleton that is mediated by Rho family GTPases49. Taken
together, these ﬁndings provide further insights into the
mechanisms by which IL-1 may interfere with normal0
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Fig. 6. Cellular F-actin content in isolated chondrocytes after expo-
sure to hypo-osmotic stress with and without IL-1 treatment. Hypo-
osmotic stress led to a decrease in cellular F-actin within 2 min in
both control and IL-1 treated chondrocytes. This disruption was fol-
lowed by a gradual recovery to levels indistinguishable from the ini-
tial condition within 10 min. Conversely, after IL-1 treatment,
chondrocytes did not signiﬁcantly recover their cellular F-actin con-
tent by 10 min. Data is expressed as mean standard deviation.
*P< 0.05 vs control group at 1 h, n¼ 14e20, ANOVA with Fisher’s
PLSD post hoc test.
010
20
30
40
Control IL-1 IL-1 +
IL-1 RA
IL-1 +
Thaps
IL-1 +
Toxin B
T
i
m
e
 
c
o
n
s
t
a
n
t
 
(
s
e
c
) *
Fig. 7. Time constant of cell shrinking in chondrocytes exposed to
hyper-osmotic stress. Control chondrocytes responded to hyper-
osmotic stress with a rapid decrease in cell volume (t¼ 17.9 s).
Pre-treatment of cells with IL-1 reduced the rate of cell shrinking
as reﬂected by the greater time constant (t¼ 32.4 s). Inhibition of
the IL-1 effect by IL-1Ra (t¼ 19.8 s), thapsigargin (t¼ 16.6 s),
and toxin B (t¼ 20.2 s) restored the rate of cell volume change
to levels similar to control. *P < 0.05 vs untreated control,
n¼ 32e40 cells, ANOVA with Fisher’s PLSD post hoc test.
1471Osteoarthritis and Cartilage Vol. 16, No. 12physiologic processes in the chondrocyte, such as the ad-
aptation or regulatory responses to mechanical and osmotic
loadings.
These results are consistent with previous studies show-
ing that hyper-osmotic stress induces a rapid decrease in
volume and mobilizes Ca2þ in articular chondrocytes, with
little apparent regulatory volume increase, consistent with
previous studies of isolated or in situ chondrocytes22,26. Ex-
posure of chondrocytes to IL-1 decreased the percentage of
cells exhibiting [Ca2þ]i transients in response to hyper-os-
motic stress, and delayed the time to peak [Ca2þ]i in those
cells that did respond. The inhibition of IL-1-induced Ca2þ
signaling or F-actin stabilization, via IL-1Ra, thapsigargin,
or toxin B rescued the IL-1 effect. However, the presence
of IL-1 did not alter the peak increase in ﬂuorescence mag-
nitude in response to hypo- or hyper-osmotic stress (Fig. 2),
suggesting that cells that did respond to osmotic stress
were likely responding by similar mechanisms. These re-
sults are consistent with previous studies suggesting that
stabilization of F-actin using phalloidin can modulate osmot-
ically induced Ca2þ signaling in cells of the intervertebral
disc45. These ﬁndings support the hypotheses of Lange
and co-workers, who have shown that the existence of
a dense, organized cortical F-actin shell can act as an effec-
tive barrier to the movement of small molecules such as glu-
cose, as well as signaling molecules such as Ca2þ, into and
out of the cell31,42,55,56. In this case, signaling must be initi-
ated ﬁrst by breakdown of the F-actin barrier followed by dif-
fusion of the molecule of interest57. In general, previous
studies in a number of cell types have shown that F-actin
is stabilized by hyper-osmotic stress40,43,44,58. Furthermore,
extracellular inﬂux of Ca2þ is necessary for Ca2þ signaling
after hyper-osmotic stress26. Taken together, these ﬁndings
suggest that one mechanism for inhibition of [Ca2þ]i signal-
ing by IL-1 may involve inhibition of Ca2þ transport through
a stabilized F-actin in the cell cortex or microvilli, which may
then be responsible for inhibiting other Ca2þ mechanisms
such as those required for osmotic signaling.
IL-1 also signiﬁcantly affected the magnitude and rate of
volume adaptation in response to hyper-osmotic stress.
These effects may be due to changes in the viscoelastic
mechanical properties of the chondrocyte, caused by IL-1
induced stabilization of intracellular F-actin49. Numerousstudies have shown that F-actin is a primary determinant
of cellular mechanical properties, and that both the stiffness
and apparent viscosity of isolated cells are modulated by al-
tering the F-actin cytoskeleton. For example, cytochalasin
D, a disruptor of F-actin microﬁlaments, signiﬁcantly de-
creases chondrocyte stiffness and viscosity59 and alters
the relationship between the deformation of the cell, nu-
cleus, and extracellular matrix60. Cells of the intervertebral
disc show similar trends in response to cytochalasin D,
while stabilization of F-actin with phalloidin increases cell
stiffness and viscosity45. In many chondrocytic cells, cell
stiffness and viscosity are correlated with F-actin
organization59,61e63.
In response to hypo-osmotic stress, chondrocytes ex-
hibited cell swelling, transient increases in [Ca2þ]i, and regu-
latory volume decrease (RVD) that was associated with
F-actin reorganization. An important ﬁnding of this study
was that exposure to IL-1 signiﬁcantly inhibited the ability of
chondrocytes to mobilize intracellular Ca2þ in response to
hypo-osmotic stress. The ability of thapsigargin and toxin B
to reverse the IL-1 effect suggests that both IL-1 induced
Ca2þ signaling and activation of Rho GTPases play an im-
portant role in this response. Hypo-osmotic Ca2þ signaling
in articular chondrocytes has been shown to require inﬂux
from the extracellular space as well as a contribution by
Ca2þ release from IP3 sensitive intracellular stores
27,38.
Themechanism of the effect of IL-1 on the response of chon-
drocytes to hypo-osmotic stress is not fully understood, and
appears to differ from the mechanisms involved in the hyper-
osmotic stress response. Rather than F-actin acting as
a transport barrier, hypo-osmotically induced Ca2þ signaling
appears to involve Ca2þ release from the F-actin network as
it is dissociated27,42. Furthermore, the stiffness of the F-actin
cortex and membrane are signiﬁcantly lower than the
osmotic stresses applied, and thus the cell is likely unable
to withstand the physical forces generated during cell swell-
ing37,64. In support of these mechanisms, recent studies
have shown that disruption of F-actin in isolated chondro-
cytes stimulates RVD but does not affect the initial swelling
response21. However, the overall rate of RVD in our study
was somewhat slower than that reported previously for
bovine chondrocytes in monolayer.
IL-1 had no effect on either the rate or the extent of cell
swelling, but signiﬁcantly altered RVD in response to
hypo-osmotic stress (Fig. 7). The ability of IL-1 to inhibit
RVD was reversed by preventing IL-1 induced Ca2þ signal-
ing, using IL-1Ra, a natural antagonist of IL-1. More inter-
estingly, both thapsigargin and toxin B also counteracted
the IL-1-induced inhibition of RVD implicating intracellular
Ca2þ stores and Rho activation, respectively. These ﬁnd-
ings are consistent with previous studies on other cells
types showing that disruption or stabilization of F-actin al-
ters RVD44,57,65,66. Speciﬁc to chondrocytes, Kerrigan and
Bush showed that disruption of F-actin with latrunculin B in-
creased the overall rate RVD21. One common hypothesis to
explain these results involves the ability of F-actin to bind
and in some cases physically regulate a number of diverse
ion channels at the cell membrane44,65. It is thought that im-
pairing the ability of cells to modulate activity of these chan-
nels through dynamic reorganization of the cytoskeleton
may directly or indirectly inﬂuence the RVD process. This
ﬁnding is consistent with previous studies showing that IL-
1 stabilizes F-actin in clusters at the cell membrane and in-
hibits the ability of cells to reorganize F-actin after swelling
induced disruption49.
Changes in the extracellular osmolarity represent one
component of the diverse biophysical environment to which
1472 S. Pritchard et al.: Interleukin-1 inhibits osmotically induced calcium signaling and volume regulationthe chondrocyte is exposed due to mechanical loading of
the extracellular matrix, and direct deformation of chondro-
cytes may also initiate Ca2þ signaling67e70. Hyper-osmotic
stress has been implicated as a potential surrogate for static
compressive loading in cartilage71, and the osmotic envi-
ronment plays an important role in controlling synthesis
and breakdown of components of the extracellular matrix72.
Recent studies suggest that the effects of static compres-
sion on cartilage may be due to upregulation of IL-173.
Hyper-osmotic stress acts synergistically with IL-1 to stimu-
late cyclo-oxygenase 2 (COX-2) expression and PGE2
production in articular cartilage74. In addition, transfection
of chondrocytes with a constitutively active form of Rho
has been shown to upregulate expression of matrix metal-
loproteinase 13 (MMP-13), a protease which is activated by
IL-1 exposure in cartilage75. Conversely, the ability of chon-
drocytes to mobilize [Ca2þ]i and adapt and regulate their
volume after hypo-osmotic stress may represent the ‘‘recov-
ery’’ response to tissue compression, and is thought to
represent an important step in the process of mechano-
transduction in chondrocytes21,27,76,77. The downstream
consequences of this response are not well characterized,
but are thought to include changes in matrix synthesis
and breakdown and altered gene expression among
others78. An improved understanding of the sequence of
biophysical and biochemical events involved in the process
of mechanical signal transduction by chondrocytes will
hopefully provide new insight into normal physiology of ar-
ticular cartilage, as well as the pathology of diseases such
as osteoarthritis.Conﬂict of interest
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